Abstract: Hybrid power plants that couple conventional with renewable energy are promising alternatives to electricity generation with low greenhouse gas emissions. Such plants aim to improve the operational stability of renewable power plants, while at the same time reducing the fuel consumption of conventional fossil fuel power plants. Here, we propose and evaluate the thermodynamic and economic viability of a hybrid plant under different operating conditions, applying exergy and economic analyses. The hybrid plant combines a coal plant with a solar-tower field. The plant is also compared with a conventional coal-fired plant of similar capacity. The results show that the proposed hybrid plant can emit 4.6% less pollutants due to the addition of solar energy. Fuel consumption can also be decreased by the same amount. The exergy efficiency of the hybrid power plant is found to be 35.8%, 1.6 percentage points higher than the efficiency of the conventional coal plant, and the total capital investment needed to build and operate a plant is 8050.32 $/kW. This cost is higher than the necessary capital investment of 5979.69 $/kW to build and operate a coal-fired power plant, and it is mainly due to the higher purchased equipment cost. Finally, the levelized cost of electricity of the hybrid plant is found to be 0.19 $/kWh (using both solar and coal resources) and 0.12 $/kWh when the plant is fueled only with coal.
Introduction
Over the past ten years, power generation from coal has been responsible for more than 40% of the global energy production [1] . The International Energy Agency (IEA) estimates a further increase in coal-based electricity production due to the industrialization of developing countries [2] . At the same time, concerns related to climate change [3] [4] [5] , resource depletion, as well as supply insecurity and fossil fuels' price volatility are growing [6] . These aspects have led to the development of certain protocols and climate agreements between countries, as for example the Kyoto Protocol and the Paris Agreement [7, 8] . In Spain, renewable electricity production decreased during the recent economic crisis, while coal use increased. This situation has been changing in the last few years; in 2016, coal-fired power generation constituted 14.5% of the electricity generation in Spain, while the respective figure for renewable energy was 41.1% [9] .
Despite the growing importance of renewable energy, it still has drawbacks that need to be addressed. The main disadvantages of renewable technologies are the lack of continuity in the supply, relatively high cost, and system complexity [10, 11] when compared to fossil fuel plants. Hybrid power plants appear as a promising alternative that could address current energy challenges, both in the short and medium term. Hybrid plants are based on the combination of two or more resources with the goal of benefitting from the advantages of each of the incorporated technologies. Hybrid plants operate with different energy sources that complement each other to obtain a desired power output [12, 13] . Hybrid plants may combine conventional fossil fuel power plants with renewable energy plants or combine two or more renewable energy sources [14] . Some of the possible technologies that could form a hybrid power plant are wind and solar photovoltaic (PV); hydropower and solar PV; concentrating solar thermal and coal/natural gas; wind and coal/natural gas; coal/natural gas and biomass; wind and diesel; or wind, solar PV, and diesel. By using complementary energy sources in the same power plant, the hybrid plants can reduce emissions related to the combustion of conventional fuels, alleviate random behavior [15, 16] , and achieve greater supply stability [2, [17] [18] [19] .
In the last few years, several research articles on the hybridization of coal-fired power plants with renewable energy sources have been published in the literature. Ong et al. [2] and Duan et al. [20] proposed the hybridization of coal plants with fuel cells. Bandyopadhyay et al. [21] studied the effect of coupling wind energy with coal. Rashid et al. [22] studied the design of a hybrid photovoltaicwind-diesel energy system at coastal areas in Bangladesh in order to achieve the maximum power output from renewable sources while keeping the cost of electricity to a minimum. Shezan et al. [23] made a techno-economic analysis of a smart grid solar-wind-diesel system to support a small community in Brisbane (Australia), concluding on its economic and environmental feasibility. Concerning the hybridization of coal plants with biomass, Bae et al. [24] analyzed the range of bioliquids that can be burned with coal, and Trop et al. [25] considered the torrefaction of biomass and coal. Nevertheless, the most developed, examined alternative for coal hybridization is concentrated solar power that focuses radiation on small areas (receivers) through mirrors [26] . With regard to concentrated solar power, there are four available options: the parabolic through, the Fresnel reflectors, the dish Stirling, and the solar power tower [27] . Calise et al. [28] designed a dynamic model of a hybrid plant combining concentrated solar and combined cycle technologies, and made a comparison with a conventional combined-cycle power plant using the case study of a plant in Almeria, Spain. Peterseim et al. analyzed the best technology suited for hybridization and concluded that the solar power tower is the optimal option for high temperatures [29] . Zhu et al. conducted an exergy analysis to evaluate the solar contribution in a hybrid coal power plant [30] . Zhu et al. also investigated the performance of a solar tower-aided coal-fired power plant under various operating conditions [31] . Meanwhile, Zhang et al. studied the performance of a solar tower power plant with various boiler schemes [32] , and Zhao et al. analyzed ways to improve the solar-to-electricity efficiency in solar-hybrid power plants [33] .
In the present article, we study a novel hybrid power plant that couples a coal plant with a concentrated solar plant, including a solar power tower. The novelties of this study are the analyses of the combination of these energy sources using exergetic and economic analyses, the comparison of the proposed hybrid plant to a conventional coal-fired plant, and the consideration of different weather scenarios. The motivation of the present study is to examine each of the technologies' (solar power tower and coal-fired energy system) disadvantages and determine whether the combination of both could lead to enhanced performance. With the proposed plant, we want to reduce CO 2 emissions of coal power generation by relying more on renewable energy sources and increase supply reliability of renewable energy technologies. The aim of this article is to determine the viability of the proposed plant in Almeria (Spain) and evaluate its performance under different conditions, including an exclusively fossil fuel-based operation.
Simulations
The hybrid power plant evaluated in this article (Figure 1 ) coupled a concentrated solar plant with a conventional coal power plant. The simulation of the solar plant is based on the solar power tower plant GEMASOLAR, located in Seville, Spain [34] . The coal power plant follows the structure of the power plant Litoral (Spain) [35] . The proposed hybrid power plant is assumed to be located in Almeria. The simulation and analysis of the hybrid plant are thus based on data from this region. Sunlight is reflected on the heliostats of the plant toward the receiver of the solar tower, heating up, in this way, the molten salts that flow through the tower. The salts, composed of 40% KNO3 and 60% NaNO3 [32] , are used to heat up steam, and water streams from the Rankine cycle of the plant. In order to ensure continuous operation when solar energy is not adequate to generate the required electricity, a thermal storage system with a capacity of 15 hours is included in the solar plant.
Preheated water (34) is heated up using thermal energy from the molten salts and is then led to the boiler of the plant to be heated up further to the inlet temperature of the steam turbine (560C). The superheated steam (36) then expands to 47 bar in the high-pressure turbine, and it is then partly reheated in the boiler (38) to reach the maximum temperature of the main stream. Reheated steam (15) at 560C and 41 bar is led to the intermediate-pressure turbine and gradually expands to the operating pressure of the condenser of the plant (0.61 bar) [36] . Once the water exits the condenser, it flows through several water preheaters. The water preheaters are heat exchangers that use successive steam extractions from the steam turbine to progressively increase the water temperature. The water exiting the water preheaters flows through the molten-salt heat exchanger, completing the cycle.
Water preheaters can have open, closed, or mixed structures. In this specific application, we find that preheaters of the closed type are the thermodynamically best choice to implement. The role of the water preheaters is to increase the efficiency of the plant by reducing the difference between the temperature of the water that returns to the boiler and the temperature of the steam exiting the turbine. Based on investment cost and efficiency calculations, the optimized number of extractions is found to be seven. [37] . An iterative process to calculate the conditions of each extraction was followed to achieve operating conditions that led to the required electricity generation (582 MW). The process used to calculate the pressure at each extraction was that indicated by General Electric [37] :
The pressure of extraction x (psia) was calculated using the mass flow rate (lb/h) through the extraction and the f factor shown in Table 1 . Sunlight is reflected on the heliostats of the plant toward the receiver of the solar tower, heating up, in this way, the molten salts that flow through the tower. The salts, composed of 40% KNO 3 and 60% NaNO 3 [32] , are used to heat up steam, and water streams from the Rankine cycle of the plant. In order to ensure continuous operation when solar energy is not adequate to generate the required electricity, a thermal storage system with a capacity of 15 hours is included in the solar plant.
Preheated water (34) is heated up using thermal energy from the molten salts and is then led to the boiler of the plant to be heated up further to the inlet temperature of the steam turbine (560 • C). The superheated steam (36) then expands to 47 bar in the high-pressure turbine, and it is then partly reheated in the boiler (38) to reach the maximum temperature of the main stream. Reheated steam (15) at 560 • C and 41 bar is led to the intermediate-pressure turbine and gradually expands to the operating pressure of the condenser of the plant (0.61 bar) [36] . Once the water exits the condenser, it flows through several water preheaters. The water preheaters are heat exchangers that use successive steam extractions from the steam turbine to progressively increase the water temperature. The water exiting the water preheaters flows through the molten-salt heat exchanger, completing the cycle.
m x+1 ·f 10 6 (1)
The pressure of extraction x (psia) was calculated using the mass flow rate (lb/h) through the extraction and the f factor shown in Table 1 . The proposed hybrid power plant was simulated using the software EbsilonProfessional [38] . The base simulation was further modified to account for several weather conditions, using data during daytime (12:00, 17:00) and night time (03:00) for spring, summer, and winter [39, 40] . During daytime, the radiation conditions allow the plant to operate using both coal and solar sources, while during night time the plant operates using coal or stored thermal energy.
The thermodynamic data at the stream level of the plant for the different scenarios are presented in the Appendix A of the manuscript.
Methods
In order to study the thermodynamic and economic strengths and weaknesses of the hybrid power plant proposed, exergy and economic analyses were realized.
Exergy Analysis
Since exergy analysis has been widely studied (e.g., [41] ), only a brief description of the methodology is presented here.
Exergy is defined as the maximum useful theoretical work that can be obtained by a stream or a system when the stream or the system is brought to thermodynamic equilibrium with the environment. The environment is a system in equilibrium with constant temperature, pressure (T 0 , p 0 ), and chemical potential, and a total exergy of zero. Exergy can be divided into four main components: physical
, and potential ( . E PT ) [42] :
Usually, changes in kinetic and potential exergy are very small and can be neglected. Physical exergy is the maximum useful work that can be obtained by passing the unit of mass of a substance from a state with specific temperature and pressure (T and p) to that of the environment (T 0 and p 0 ) (restricted dead state) by means of physical processes [42] . Chemical exergy is the maximum useful work that can be obtained when passing from the restricted dead state with T 0 and p 0 to the dead state, which is the state of complete equilibrium (mechanical, thermal, and chemical) with the environment, which may not imply a chemical process.
In this work, the reference stream with zero exergy used was the air entering the boiler, with T 0 = 306 K and p 0 = 1.013 bar. Standard chemical exergy values of the main substances were obtained using the model of Szargut [43] . Air, flue gas, and molten salt streams were treated as ideal mixtures [42] . The chemical exergy of coal was calculated considering the reaction of its combustion [42] , following the procedure described by Bejan et al. [44] .
To realize an exergy analysis of a power plant, it was required to define an exergy balance for each of the components in the plant and a balance for the overall system. The balance for each component k is defined as follows:
where .
E F,k is the exergy of the fuel (required resources to generate the desired product), .
E P,k is the exergy of the product, i.e., the desired output of a process, and . E D,k is the exergy destruction of the component due to thermodynamic inefficiencies within it [42, 45] . The corresponding equation for the overall system is written as:
E L,sys is the exergy loss of the overall plant. The specific performance evaluation of a component/system was based on the study of its exergetic efficiency, defined as the ratio between its product and the resources used to generate this desired product [42] .
Therefore, an exergetic analysis is useful to locate the inefficiencies of a thermodynamic system and find their possible cause, facilitating the analysis and optimization of power plants.
Economic Analysis
An economic analysis was realized to determine the primary costs associated with the proposed plant and estimate its levelized cost of electricity (LCOE). The analysis implemented was based on the method proposed by Bejan et al. [44] and includes the calculation of the total capital investment (TCI) and the total revenue requirement (TRR). As the costs were calculated for the entire economic life of the plant, it was necessary to establish the reference conditions of the economic, technological, and legal framework assumed in the proposed project:
1.
The economic study took place in 2016 with construction starting in 2017 and ending in 2019. Thus, the economic data were calculated in 2016 and were accordingly levelized depending on the year they became effective [44] . 2.
The capacity factor of the plant was 85% [46] . 3.
The inflation rate was i = 2.98% [47] . 4.
The nominal escalation rate (except coal) corresponded to inflation (2.98%).
5.
A real escalation rate of 0.5% was assumed for coal [48] . The average growth rate was thus a nominal escalation rate of r f n = 3.49%. 6.
The useful life of the hybrid power plant was assumed to be 25 years and its economic life 20 years (both calculated from the beginning of operation). 7.
It was considered that the residual value of the plant at the end of the 25 years would be zero. 8.
Financing was achieved as follows:
Debt: 65% of the capital at an interest rate of 10.0%. -Common equity: 25% of the capital at an interest rate of 15.0%. -Preferred stocks: 10% of the capital at an interest rate of 11.7%.
9.
The electricity sale price used was 105.16 $/MWh (price for Spain in 2016) [49] . 10. All taxes were considered constant throughout the life of the plant. 11. Operating and maintenance costs were assumed to be 20.0% of purchased equipment cost of the plant (PEC). 12. The price of coal was assumed to be 84.72 $/t [52] . 13. It was assumed that 100 employees work in the plant, with an average hourly wage equal to $20.80.
In order to calculate the total capital investment (TCI), the purchased equipment cost (PEC) is required [53] [54] [55] . The rest of the costs are obtained based on the PEC, according to the percentages proposed by Bejan et al. [44] . The TRR is the total revenue requirement, i.e., the total amount that the plant needs to earn within a given year through electricity sales to compensate for the expenditures of that same year [44] . Finally, the LCOE represents the levelized cost of power generation and provides the connection between the necessary investment and electricity generation (E) for the 25 years of useful life (UL) of the plant [44] :
Results and Discussion
The most important results of the analysis are presented in this section. Additional data on the simulation of the plant can be found in the Appendix A of the paper.
The exergy efficiencies obtained are shown in Figure 2 and the components with the highest thermodynamic inefficiencies in Figure 3 . The most important inefficiencies in the proposed plant were found in the boiler, since the combustion process constitutes one of the main sources of irreversibilities, i.e., exergy destruction. The relative irreversibilities could be reduced through the preheating of the incoming flows, which in this case were assumed to have the ambient temperature. Another source of inefficiencies within the plant was the cooling system, composed of the condenser and the cooling tower. As a dissipative component, the cooling system does not generate a useful product, but it facilitates the operation of the overall plant. Thus, the destroyed exergy here should be kept to a minimum, without preventing the efficient operation of the rest of the plant components. The solar power tower also resulted in a relatively low efficiency. However, it is expected that working fluids will be further developed in the near future and the current technology will progress, allowing for higher operating temperatures [53] . Heat exchange between fluids of significantly different temperatures also led to high exergy destruction. This is the reason that some heat exchangers resulted in relatively low exergy efficiencies. be kept to a minimum, without preventing the efficient operation of the rest of the plant components. The solar power tower also resulted in a relatively low efficiency. However, it is expected that working fluids will be further developed in the near future and the current technology will progress, allowing for higher operating temperatures [53] . Heat exchange between fluids of significantly different temperatures also led to high exergy destruction. This is the reason that some heat exchangers resulted in relatively low exergy efficiencies. The overall exergy efficiency of the plant was found to be 35.8%, with a total exergy destruction of 917.4 MW. This efficiency was calculated considering only the coal as the fuel and not including the solar heat as a power input. The efficiency was thus higher than that of a conventional coal power plant, as the necessary fuel to achieve the same power output was lower, given that the power was obtained by burning coal and from solar energy. If we also accounted for the solar heat as a fuel, the efficiency of the plant would drop down to 30.7%. This result is comparable to previous studies of solar-coal hybrid power plants that have reported efficiencies in the order of 30% [56] be kept to a minimum, without preventing the efficient operation of the rest of the plant components. The solar power tower also resulted in a relatively low efficiency. However, it is expected that working fluids will be further developed in the near future and the current technology will progress, allowing for higher operating temperatures [53] . Heat exchange between fluids of significantly different temperatures also led to high exergy destruction. This is the reason that some heat exchangers resulted in relatively low exergy efficiencies. The overall exergy efficiency of the plant was found to be 35.8%, with a total exergy destruction of 917.4 MW. This efficiency was calculated considering only the coal as the fuel and not including the solar heat as a power input. The efficiency was thus higher than that of a conventional coal power plant, as the necessary fuel to achieve the same power output was lower, given that the power was obtained by burning coal and from solar energy. If we also accounted for the solar heat as a fuel, the efficiency of the plant would drop down to 30.7%. This result is comparable to previous studies of solar-coal hybrid power plants that have reported efficiencies in the order of 30% [56] . The calculated efficiency offers an improvement, when compared to solar power tower plants that operate with efficiencies of around 25% [19] . The overall exergy efficiency of the plant was found to be 35.8%, with a total exergy destruction of 917.4 MW. This efficiency was calculated considering only the coal as the fuel and not including the solar heat as a power input. The efficiency was thus higher than that of a conventional coal power plant, as the necessary fuel to achieve the same power output was lower, given that the power was obtained by burning coal and from solar energy. If we also accounted for the solar heat as a fuel, the efficiency of the plant would drop down to 30.7%. This result is comparable to previous studies of solar-coal hybrid power plants that have reported efficiencies in the order of 30% [56] . The calculated efficiency offers an improvement, when compared to solar power tower plants that operate with efficiencies of around 25% [19] .
When we compared the operation of the hybrid power plant during the day with its operation during the night (fired only by coal), we obtained the data presented in Table 2 . The efficiency of the plant at night was found to be 34.2%. This value is within the range of common efficiencies reported for coal power plants [41] . The reason for this lower efficiency during night hours is the lack of solar energy. To achieve the desired power output in this case, the plant was solely dependent on coal.
The use of coal was reduced by 4.6% when solar energy was used, correspondingly reducing the generated CO 2 . The total CO 2 emissions per day of the proposed hybrid plant were calculated to be 18,539.7 tons, while the emissions generated from an analogous coal-fired power plant were 19,430.9 tons. In other words, with the proposed hybrid power plant cam achieve an annual reduction of more than 325,273 tons of CO 2 .
Hybrid plants allow for higher capacity factors, when compared to renewable plants. For example, when solar irradiation is not available (night hours, cloudy days), the hybrid power plant is able to continue its operation by using a higher fuel mass flow (coal, in this case) and meet demand requirements in a more flexible manner. The TCI of the plant was found to be 8050.32 $/kW. This cost agrees with investment values reported for solar power tower plants, fluctuating between 6100 and 8100 $/kW [57] . The main expense of solar technology, when compared to conventional coal power plants, is the relatively high purchased equipment cost. The same power plant presents a considerably lower TCI (5979.69 $/kW), when operated as a coal plant. However, it is important to consider the fact that the hybrid power plant would present an important reduction in the cost of fuel, when compared to a conventional coal-fired plant. The TRR needed to maintain the electricity generation at 582 MW is presented in the Appendix A of the paper. The revenue required to cover the expenditures of the plant decreases over the years due to plant depreciation, since taxes and interest rates are reduced as the plant loses its value. However, fuel and operation and maintenance costs increase the required revenue over time due to their increasing trend.
The LCOE of solar power tower plants ranges from 0.15 and 0.21 $/kWh in 2016 [58] . In this work, the value obtained from the detailed economic analysis of the hybrid plant was 0.19 $/kWh. The LCOE of the plant during night operation (when it did not use solar energy) was found to be 0.12 $/kWh. Published values for coal power plants are between 0.07 and 0.14 $/kWh [58] . The generation is considered to be constant during day and night. The difference of the LCOE of the hybrid and coal plants is due to the relatively higher purchased equipment cost of the first. The thermal storage is another critical factor that increases the investment cost of the solar plant by more than 60% when it offers reliable operation for 15 h instead of 6 h [2] . The complexity of the hybrid system increases the cost of the plant further, as more control instruments and specialized people in charge of the operation and maintenance are needed.
Lastly, the legal, financial, and technological frameworks must be considered when studying the viability of hybrid power plants. Currently, renewable energy is encouraged by governments with subsidies. The European Union launched the European Union Emissions Trading System (EU ETS) that sets a maximum limit to the greenhouse gases that installations are allowed emit. The surplus can be sold in an emission trading system [59] . The aim of this program is to promote new ways of reducing pollution. In the technological framework, higher efficiencies and more developed processes are expected.
Conclusions
This article studied the simulation of a hybrid power plant that coupled coal with concentrating solar energy (solar power tower) and presented its evaluation under different conditions. Exergy and economic analyses of the hybrid power plant were conducted to examine the viability of the plant from these two points of view. The most important conclusions drawn from the study are the following: -Coal consumption and pollutant emissions can be reduced by 4.6% with the introduction of solar energy, implying an annual reduction of CO 2 emissions of 325,273 tons. -
The efficiency of the hybrid power plant can be increased by 1.6%, when compared to the same plant fueled only by coal. This is associated with the lower fuel consumption of the plant due to the use of solar energy. -Given the higher purchased equipment cost, the net investment required to operate the hybrid power plant would be 8050.32 $/kW, while the coal-fired thermal power plant would cost 5979.69 $/kW. -
The LCOE of the proposed hybrid power plant would be 0.19 $/kWh, and the value for the same plant fueled by coal would be 0.12 $/kWh. -Operational stability of renewable power plants, the output of which depends on weather conditions, may be improved by coupling them with conventional fossil fuel plants.
The relatively high costs of solar technology may somewhat reduce its applicability, when compared to conventional thermal power plants. Nevertheless, hybrid power plants can decrease the supply instability of renewable plants, the fossil fuel consumption of conventional coal-fired power plants, and, consequently, the pollutants emitted during electricity generation.
An improvement of the plant proposed in this paper could be realized through the examination of ways to minimize the CO 2 emissions of the process using different hybrid power plant configurations. This would most probably imply a higher contribution of renewable energy, taking into account, however, the increase of the associated investment costs. In order to broaden the reach of this study, an examination of the viability of hybrid coal/solar power plants in different regions with different solar resources than southern Spain could also be made. Moreover, a discussion on the most appropriate renewable energy source for the design of a hybrid power plant depending on location and site resources could be a possible drive of future works. 
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